Introduction
Tuberous sclerosis complex (TSC, MIM#191100) is an autosomal dominant syndrome characterized by seizure, mental retardation, and multiple hamartomas in the brain, heart, skin, retina, kidneys, or liver. Random distributions of tumorous lesions cause variable features such as neurologic deficits, renal impairment, skin lesions, or retinal hamartomas. The gene mutation can be identified in 85% of patients: TSC1 on chromosome 9q34, encoding hamartin, or TSC2 on 16p13.3, encoding tuberin [1] . The incidence of TSC is estimated to be 1 in 6,000-11,000 births polycystin 2, have been confirmed to cause ADPKD. PKD1 gene mutations have been reported in 85% of patients, and 2-3% of these mutations are caused by large deletions [5] .
TSC2/PKD1 contiguous gene deletion syndrome (TSC2/PKD1 CGDS, MIM#600273) was first recognized by Brook-Carter et al. [6] in 1994 in a patient with tuberous sclerosis and cystic renal disease by identifying the deletion of both TSC2 and PKD1 genes. TSC2/PKD1 CGDS can occur due to the adjacent location of the TSC2 and PKD1 genes. More cases have been reported in TSC patients with enlarged polycystic kidneys [7] [8] [9] [10] [11] [12] [13] [14] . Although 5% of patients with TSC have TSC2/PKD1 CGDS, there have been no report of patients with TSC2/PKD1 CGDS in the Korean population. This study describes two cases of tuberous sclerosis with severe cystic renal disease, which were diagnosed with TSC2/PKD1 CGDS by multiplex ligation-dependent probe amplification (MLPA) analysis.
Case

Case 1
The patient is the first baby of non-consanguineous Korean parents. He was born after 39 weeks of gestation with a birth weight of 3.12 kg, without any perinatal problems. At 5 months of age, he was brought to the outpatient clinic due to heart murmur and multiple cardiac masses. Two cardiac masses were located in the right ventricular outflow tract and right ventricular free wall at the anterior leaflet of the tricuspid valve (Fig. 1A) . In addition, bilateral multiple renal cysts were found on the renal ultrasound (Fig. 1B) .
At age 12 months, generalized tonic-clonic seizure developed, which was provoked by fever. The seizure persisted over 15 minutes with cyanosis, followed by postictal sleep. It was clustered, with 5 seizures occurring in one episode. His blood pressure was 103/45 mmHg, and his pulse rate was 108 beats per minute. His height and weight were 85.4 cm (standard deviation [SD], 0.87) and 12.7 kg (SD, 0.73), respectively. His head circumference was 48 cm (SD, 0.17). He had a hypopigmented nevus on the nape, but did not have palpable abdominal mass. Complete blood counts, serum electrolytes, liver enzymes, and routine urinalysis were all normal. Brain magnetic resonance imaging (MRI) revealed multiple subependymal nodules in the foramen of Monro and multiple cortical tubers with subcortical white matter changes in both cerebral hemispheres (Fig. 1C) . Multiple retinal tumors were found upon ophthalmologic examination. There was no familial history of tuberous sclerosis and ADPKD. Phenobarbital was administered to control the seizures, but was discontinued after 14 days because of adverse events such as skin rash and pruritus. He did not experience an additional seizure until age 30 months, when his height and weight were 95.6 cm (SD, 1.54) and 14.8 kg (SD, 0.85), respectively. His development was also normal.
For genetic testing, informed consent was obtained from both parents. Genomic DNA was isolated from the patient's peripheral leukocytes. MLPA analysis using probe-mixes for TSC2 and PKD1, P046-B2 and P351-B2 (MRC-Holland, Amsterdam, The Netherlands), identified a large deletion of PKD1 from exons 39 to 46 and TSC2 from exons 26 to 41 ( Fig. 2A) . 
Case 2
The patient was born prematurely after 35 weeks of gestation with a birth weight of 2.3 kg due to preterm premature rupture of membrane. At 2 months of age, β-blocker was administered because of left forearm hemangioma. At 5 months of age, an atrial septal defect was observed by echocardiography, without a cardiac mass. Hypopigmented macules were detected on the left lower leg and anterior chest. At 8 months of age, generalized tonic-clonic seizure developed with fever, and redeveloped at age 10 months. At 26 months of age, she was referred to the emergency room because of recurrent seizures with cyanosis and loss of consciousness, which repeated 6 times within a day. On physical examination, blood pressure was 98/56 mmHg and pulse rate was 132 beats per minute. Height and weight were 90.0 cm (SD, 0.45) and 14.4 kg (SD, 1.74), respectively. Facial dysmorphism or adenoma sebaceum was not found. She had hemangioma on the left forearm and hypopigmented patches on the anterior chest, left shoulder, and left leg. There was no palpable abdominal mass. Complete blood counts, liver enzymes, and other blood chemical tests were normal. Brain MRI revealed multiple cortical and subcortical tubers in bilateral hemispheres and several tiny subependymal hamartomas along the wall of both lateral ventricles (Fig. 3A) . On the electroencephalogram, occasional theta or delta slow wave discharges from left frontotemporo-parietal areas were detected (Fig. 3B) . No anatomical anomaly was detected by echocardiography. Abdominal sonogram demonstrated small echogenic oval lesions without increased vascularity, suggesting angiomyolipoma in the left kidney middle pole, and multiple small (<1 cm) cysts in both kidneys (Fig. 3C) . Ophthalmologic examination detected yellowish elevated lesions near the superior temporal vascular arcade on the right fundus, suggesting retinal hamartoma. There was no familial history of tuberous sclerosis and ADPKD.
MLPA analysis identified heterozygous deletion at all 41 exons of TSC2 and at exon 46 of PKD1 (Fig. 2B) . Since whole PKD1 MLPA was not conducted, the exact extent of exon deletion was not identified. However, we can guess that the deletion may disrupt parts of the PKD1 gene, as the deletion of exon 46 in PKD1 has been identified.
Discussion
In the current report, we described two cases of gross deletions in the TSC2 and PKD1 genes in Korean patients with TSC and ADPKD. This is the first report of TSC2/PKD1 CGDS in the Korean population. The large deletion involved exons 39 to 46 of PKD1 and exons 26 to 41 of TSC2, as revealed in Case 1 by MLPA. Although the precise length of deletion of the PKD1 gene was not identified, Case 2 also showed the large deletion involved TSC2 and PKD1. As the TSC2 gene and the PKD1 gene lie adjacent to each other in a tail-to-tail arrangement, it is possible that deletion of TSC2 can occur together with PKD1 deletion, leading to contiguous gene deletion syndrome.
Neurologic manifestation is the most common cause of morbidity and mortality in patients with tuberous sclerosis, followed by renal involvement. Renal angiomyolipoma is a common feature of tuberous sclerosis and leads to hemorrhage or torsion. In comparison to the renal manifestation of tuberous sclerosis, renal cystic disease is more common in ADPKD, causing hypertension, proteinuria and end-stage renal disease. In TSC2/ PKD1 CGDS, severe, infantile or childhood onset polycystic kidney disease is more frequent than isolated TSC or ADPKD [15] . The cysts are larger and space-occupying, subsequently causing hypertension and early onset end-stage kidney disease. More importantly, the regular radiological follow-up should be recommended because of the risk of malignant transformation [7] . Five percent of patients with tuberous sclerosis and nearly 10% of patients with ADPKD were reported to have renal cell carcinoma at a young age [16] . Although the frequency of renal cell carcinoma in TSC2/PKD1 CGDS is unknown, the risk of renal cell carcinoma is expected to be high.
The mechanism for renal cyst formation remains elusive, though hamartin, tuberin, and polycystin-1 have been known to play a role in maintaining cellular polarity and the length of primary cilia in pre-cystic renal tubule cells [17] . The mutations in TSC2 and PKD1 seem to produce a truncated tuberin which activates guanosine triphosphatase (GTPase), leading to a reduction in mammalian target of rapamycin (mTOR) stimulation. The disruption of these genes was expected to result in cyst enlargement through mTOR activation [9] . In recent studies, however, mTOR inhibitors were not successful in treating the renal involvement of TSC and ADPKD. Instead, mTOR inhibitor was effective in reducing angiomyolipoma volume in patients with TSC [18] . In patients with TSC2/PKD1 CGDS as well, mTOR inhibitor was not effective for improving renal function, but produced the satisfactory effect of renal angiomyolipoma size reduction [9] . Renal involvement was shown in our patients even at the age of 12 months.
The extrarenal manifestations of TSC2/PKD1 CGDS are not clearly identified. One report suggests that the pathological features of skin lesions from patients with contiguous gene syndrome were similar to those from patients with tuberous sclerosis [13] . It remains to be seen whether the neurologic, ocular, or cardiac manifestations in patients with this contiguous gene syndrome differ from those in patients with isolated tuberous sclerosis. A few case reports described the extrarenal manifestations of ADPKD, such as intracranial aneurysm with clinical manifestations of TSC [19] . Therefore, TSC2/PKD1 CGDS should be suspected in those with extrarenal symptoms of ADPKD, such as visceral organ cysts, or intracranial aneurysms additional to the clinical signs of TSC.
In conclusion, the contiguous gene syndrome involving PKD1 and TSC2 should be considered in patients with ADPKD and TSC. MLPA analysis has a confirmatory role in the diagnosis of TSC2/ PKD1 CGDS.
